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Using electrical detection of a strongly coupled spin-photon system comprised of a microwave
cavity mode and two magnetic samples, we demonstrate the long distance manipulation of spin
currents. This distant control is not limited by the spin diffusion length, instead depending on the
interplay between the local and global properties of the coupled system, enabling systematic spin
current control over large distance scales (several centimeters in this work). This flexibility opens
the door to improved spin current generation and manipulation for cavity spintronic devices.
In spintronic devices information is carried by spin cur-
rent, rather than charge current, and therefore informa-
tion processing requires precise spin current manipula-
tion. For this purpose Datta and Das [1] proposed the
spin field-effect-transistor in which spin current is manip-
ulated by a gate voltage via a local spin-orbit interaction
in a semiconductor channel [2]. On the other hand the ex-
change interaction is also commonly used to manipulate
spin current. For example, the production of spin cur-
rent can be realized via the spin-polarization of a charge
current in ferromagnetic materials and spin current can
also be absorbed by a local magnetization through spin
transfer torque [3–6]. Devices exploiting either spin-orbit
or exchange interactions for spin current control are typ-
ically limited by the ∼ µm spin diffusion length which
depends on the spin-flip scattering time. Although this
is much larger than the ∼ nm range of the interactions
themselves, a long distance ( µm) spin manipulation
would be beneficial for spintronic applications. For exam-
ple, the microwave power generated in spin valves due to
spin transfer torque driven dynamics [7] could be greatly
enhanced using a long distance spin-interaction by en-
abling phase-locking of several spin systems.
In the field of cavity quantum electrodynamics the
correlation of two distant ”atomic resonators” has al-
ready been demonstrated using long range photon medi-
ated interactions [8–11]. Such interactions are typically
on the order of the photon wavelength and are there-
fore much larger than those of either spin-orbit or ex-
change interactions, approaching the limit of the spin
diffusion length in optical systems with much larger cor-
relations possible in microwave analogues. The recent
observation of strong magnon-photon coupling in ferro-
magnetic/microwave cavity structures [12–16] opens the
door to apply such photon mediated interactions in mag-
netic systems to manipulate the magnetization and spin
current [17–19].
In this work, we experimentally studied the microwave
mediated interaction between two magnetic systems,
demonstrating spin current manipulation over a distance
of several cm. Using an electrical detection technique we
are able to locally detect the spin currents in each mag-
netic system via the spin pumping effect [16]. Although
the cooperativity of only one magnetic system was con-
trolled, we find a simultaneous change in the spin current
of another magnetic system which is well separated and
not directly tuned. In this sense, we realized the manip-
ulation of distant spin currents using the cavity-magnon-
polariton. Control of the cooperativities is the key to
such a cavity-mediated interaction and a coupling model
including both magnetic samples and a cavity mode is
used to clearly highlight the effect of each photon-magnon
cooperativity and to interpret the experimental observa-
tions. This work offers a new way to coherently control
spin current and magnetization dynamics both directly
and over long distances, which we expect to play an im-
portant role in the development of cavity spintronics.
In our experiment we chose two pieces of yttrium iron
garnet (YIG) on GGG substrates as the two magnetic
systems due to their low Gilbert damping and low eddy
current dissipation. The two nearly identical YIG sam-
ples had dimensions of 10 mm × 7 mm × 2.6 µm, a
saturation magnetization of µ0Ms = 160 mT, a Gilbert
damping of α = 3.6 × 10−4 and a Gyromagnetic ratio
of γ = 27.6×2piµ0GHz/T. An externally applied mag-
netic field H determined the ferromagnetic resonance
(FMR) frequency according to the Kittel equation ωr as
ωr = (ω
2
0 + ω0ωm)
1/2. Here, ω0 = γH and ωm = γM0.
The microwave magnetic field (h) driven magnetization
(M) precession, governed by the Landau-Lifshitz-Gilbert
(LLG) equation, produced a non-equilibrium magneti-
zation which generated a spin current through diffusion
[20]. For the electrical detection of this spin current, plat-
inum (Pt) strips were deposited on top of each piece of
YIG with a dimension of 10 mm × 1 mm × 10 nm. In the
Pt strips the spin currents were electrically detected by
conversion into charge currents via the inverse spin Hall
effect (ISHE). The spin current Is pumped by each sam-
ple is linearly proportional to the voltage VSP detected
via the ISHE, VSP ∝ Is ∝ Im(m∗xmy) [21] where mx and
my are the dynamical components of the magnetization
in each sample.
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FIG. 1. (Color online) Directly controlled spin current from
YIG1 and long distance manipulation of spin current from
YIG2. (a) Two YIGs coupled to a microwave cavity. By
tuning the YIG1 cooperativity, the YIG1 spin current was
tuned. (b) The YIG1 voltage signal depends directly on the
angle θ, which controls cooperativity of YIG1, while (c) the
voltage on YIG2 is also tuned by θ. The spin currents from
YIG1 and YIG2 as a function of angle θ are summarized in
(d) and (e) respectively.
To couple the magnetic samples, a cylindrical mi-
crowave cavity made of oxygen-free copper was fabricated
with a diameter of 36 mm and a height of 10 mm. The
cavity is designed to have a TM011 mode at ωc/2pi =
6.34 GHz. The TM011 mode is chosen due to its well
suited field profile with a microwave electric field along
the cylindrical axis and a microwave magnetic field sur-
rounding the electric field flux. This mode has an un-
loaded damping of β = 0.0003 (Q = 1670). Denoting the
microwave magnetic field by h and the driving microwave
amplitude by h0, the cavity mode frequency profile can
be written as h = ω2h0/(ω
2 − ω2c + 2iβωcω). Here, ω is
the microwave frequency.
One of the YIG/Pt samples (labelled as YIG1) was
placed on the lid of the cavity while another YIG/Pt
sample (labelled as YIG2) was fixed on the bottom. The
external magnetic field H was applied in-plane for both
magnetic samples and perpendicular to the Pt strip of
YIG2 in order to detect the maximum spin pumping sig-
nal via the ISHE. The position of YIG1 with respect to
the microwave magnetic flux inside of the cavity was con-
trolled by rotating the lid with the angle θ denoting the
angle between the external magnetic fieldH and the local
microwave magnetic field h at YIG1 as shown in Fig. 1
(a). With only YIG1 loaded, the cavity mode frequency
was red shifted by 3% to 6.155 GHz while the damping
increased to β = 0.0018 (Q = 280). With both samples
loaded and wired out for electrical detection the cavity
mode was red shifted by another 3% to ωc = 5.960 GHz
with a damping of β = 0.0052 (Q = 100). Meanwhile,
tuning the angle θ changed the cavity mode frequency
by less than 1% (much less than the shift due to loading
both samples) and therefore this shift is not considered
in the detection and calculation of the spin currents. The
coupling between the YIG samples and the cavity mode
was characterized by measuring the microwave transmis-
sion using a vector network analyzer (VNA) [12–16] while
electrical detection was performed using a lock-in tech-
nique with frequency modulation of 8.33 kHz [16] with
spin pumping voltages on both YIG1 and YIG2 measured
simultaneously.
Spin currents were detected on both YIG1 and YIG2
by sweeping the magnetic field H at a microwave fre-
quency of 6 GHz, slightly detuned from the cavity mode
frequency ωc. The microwave output power was 100 mW.
As shown in Fig. 1 (b) and (c), the voltage signals have
Lorentz line shapes and are anti-symmetric about the
magnetic field H as expected for spin pumping voltages
[22]. Rotating the angle θ from 0◦ to 90◦ by rotating
YIG1, the torque exerted on the magnetization of YIG1
by the local microwave magnetic field was significantly
enhanced. Consequently, the amplitude of the spin cur-
rent pumped by YIG1 is increased as shown in Fig. 1
(b). Simultaneously the spin current pumped by YIG2
was also detected as θ was tuned. Figure 1 (c) shows a
clear systematic change of the spin current pumped by
YIG2, even though YIG2 was spatially separated from
YIG1 and was not tuned directly. Contrary to the in-
crease of spin current in YIG1, the amplitude of spin
current from YIG2 decreases as θ is increased from 0◦ to
90◦.
By adopting a Pt spin Hall angle of 0.0023 [22] to de-
termine the ISHE coefficient, the detected voltages were
converted to spin currents. The spin currents measured
from both magnetic samples are summarized in Fig. 1 (d)
and (e) respectively. These panels systematically demon-
strate the θ-dependence of the spin pumping voltages in-
duced by the ISHE. Note that since the external mag-
netic field H was not rotated during the measurement,
the spin currents from both samples maintain the same
sign. We found that YIG1 and YIG2 spin currents are
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FIG. 2. (Color online) (a) The cooperativity in a single YIG
and cavity system is measured as a function of θ with a cal-
culation according to Eq. (2). A microwave transmission S21
measurement of the ω − H dispersion is plotted for θ = 0◦
and 90◦ in (b) and (c) respectively. (d) and (e) display the
transmission for the cavity mode with both YIG1 and YIG2
loaded at YIG1 angles of θ = 0◦ and 90◦ respectively.
both strongly dependent on the angle θ with Is1 having
a | sin θ| dependence with the inverse behaviour shown
by Is2; that is a maximum Is1 signal will correspond to
a minimum Is2 signal and vice versa. Thus Fig. 1 il-
lustrates the key experimental features demonstrating a
long distance manipulation of the spin current on YIG2
by controlling the coupling between YIG1 and the cavity
mode.
The solid curves which are shown in Fig. 1 (d) and (e)
have been calculated using a model of strongly coupled
cavity-magnon-polaritons. To understand the manipu-
lation of distant spin currents, we may start by under-
standing the controllable coupling between one YIG and
a cavity mode. In the linear coupling regime all mod-
els of such strongly coupled systems reduce to that of
two coupled oscillators, one representing the cavity mode
and the other YIG FMR mode, with coupling strength
κ1 [12–14, 16]. By defining the detuning parameters
∆c ≡ (ω2 − ω2c )/(2βωcω) and ∆r ≡ (ω2 − ω2r)/(2αωrω)
and a cooperativity C1 ≡ κ21ωm/(4αβωc), the normal
mode dispersion and spin current are, respectively,
∆c∆r = 1 + C1 (1a)
Is1 ∝ C1
(∆c + ∆r)2
(1b)
Strong coupling is defined as C1 > 1 which physically
means that the rate of energy exchange between the mag-
netic and cavity subsystems is greater than the damping
of each subsystem. Eq. (1a) determines the ω −H dis-
persion and displays an anti-crossing when the coopera-
tivity is nonzero, showing that the normal modes of the
FMR/cavity system are only supported when both de-
tunings, ∆c and ∆r, are inversely proportional. The key
to our technique for long distance control is that the dis-
persion determined by Eq. (1a) is a global property of
the coupled system (which can be measured through both
VNA and electrical techniques) while the spin current of
Eq. (1b) depends both on the local properties through
the cooperativity and the global properties through the
detunings ∆c + ∆r. Furthermore the spin current can be
locally measured through electrical detection, enabling
multiple samples to be individually detected.
The spin current can be directly controlled by tuning
the cooperativity and since the cooperativity depends on
the filling factor, this can be done by either changing
the number of spins in the magnetic material [12, 13] or
changing the local field distribution [14, 16]. By rotating
the sample we can change the microwave magnetic field
torque on the magnetization and therefore
C1 = C1(θ) ∝ sin2 θ (2)
Experimental results of the cooperativity as a function
of angle θ are summarized in Fig. 2 (a) (solid circles)
and compared to the prediction of Eq. (2) (solid curve).
Figures 2 (b) and (c) display the global ω-H dispersion in
a microwave transmission spectrum S21. When the coop-
erativity C1 is close to 0, at θ = 0
◦, the maximum ampli-
tude of |S21|2 remains at the uncoupled cavity mode fre-
quency ωc for all H, indicating the diminished coupling in
this configuration. However when the cooperativity is in-
creased by setting θ = 90◦, a clear anti-crossing feature is
observed near the crossing of the uncoupled cavity mode
and the FMR dispersion, denoted by dashed lines respec-
tively. This dispersion agrees well with the solid curves
which are calculated based on Eq. (1a). With both mag-
netic samples loaded, the microwave transmission S21 in
Fig. 2 (d) and (e) again shows that the dispersion can
be tuned by changing θ for YIG1. This illustrates how
the global properties of the coupled system will depend
on the local tuning of one ferromagnetic sample. We em-
phasize that the ω−H dispersion can be measured using
microwave transmission as shown here, or using electri-
cal detection. However, the electrical detection method
4also allows us to locally detect the spin current of indi-
vidual magnetic samples which is not possible through
microwave transmission.
When two samples with a nearly identical resonance
response are placed inside the cavity, we can write the
normal mode dispersion and the spin current in YIG1
and YIG2 as, respectively,
∆c∆r = 1 + C1(θ) + C2 (3a)
Is1 ∝ C1(θ)
(∆c + ∆r)2
(3b)
Is2 ∝ C2
(∆c + ∆r)2
(3c)
Intuitively, as indicated by Eq. (3a), the dispersion of
two magnetic samples (with the same FMR frequency)
coupled to a cavity mode differs from Eq. (1a) only by
the sum of the cooperativities. This pattern holds for
any number of magnetic samples. This feature explains
the coupling strength enhancement between Fig. 2 (d)
and (e) due to the increased number of spins. Further-
more, the amplitude of the spin current produced in each
magnetic sample, given by Eqs. (3b) and (3c) follows the
same structure as Eq. (1b). The only implicit difference
is that the detunings now satisfy a modified dispersion
depending on all cooperativities and therefore differ from
the case of a single YIG sample.
Figure 3 (a) and (b) shows the cavity-FMR detuning
(∆c − ∆r) dispersion following Eq. (3a) with the color
gradient indicating the spin current amplitudes for Is1
and Is2 respectively. The difference in color gradient
between panels (a) and (b) highlights the difference be-
tween the direct and long distance tuning respectively.
Two normal modes are only excited when the detun-
ings are either both positive or both negative. Based
on Fig. 3 (a) and (b) we can summarize the spin current
features in such a coupled system as follows: (1) The
normal modes of the coupled system rely on the sum
of cooperativities of all magnetic samples with the cou-
pling strength increasing when more magnetic samples
are added. (2) The spin current pumped by each mag-
netic sample depends on both the global properties of the
normal mode detunings and the local cooperativity with
the cavity mode. (3) The amplitude of the spin current
from YIG1 (the directly tuned sample) is increased by
increasing C1 while the amplitude of spin current from
YIG2 (the distant sample) is decreased by increasing C1.
For comparison with the experimental observation where
we measured the spin current by sweeping the magnetic
field at a given microwave frequency (a fixed cavity mode
frequency detuning of ∆c = 7.7), an arrow in both Fig.3
(a) and (b) indicates the direction of cooperativity tun-
ing as θ is increased from 0◦ to 90◦ . Along the arrow the
amplitudes of both spin currents are plotted as a function
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FIG. 3. (Color online) Following Eq. 3, the dispersion and
amplitudes of both spin currents are plotted in (a) and (b) as
a function of cooperativity C1(θ). The color scales indicate
the amplitudes of both spin currents Is1 and Is2 while the
green arrows indicate the change of C1(θ) by tuning the angle
θ. Along the arrows at a given cavity frequency detune ∆c,
the amplitudes of both spin currents Is1 and Is2 are plotted
as a function of the C1 in (c).
of the C1 in (c). The solid curves in Fig.1 are Is1| sin θ|
and Is2 calculated from Eqs. (3b) and (3c), respectively.
The factor of | sin θ| arising from the rotation of YIG1
with respect to the magnetic field H due to the ISHE
in the Pt layer. The agreement between experiment and
model indicates that our long distance manipulation of
spin current in YIG2 is due to the cooperativity control
of YIG1. Therefore control of the cooperativities allows
us to control the dispersion of the strongly coupled sys-
tem and thereby directly and remotely control the spin
current amplitude in both samples simultaneously.
In summary, we have electrically detected spin currents
from two YIG/Pt samples which both couple to a cav-
ity mode. Via such a local detection technique we are
able to distinguish the spin dynamics in each sample in-
dividually and demonstrate the manipulation of distant
spin currents, whereby controlling the cooperativity of
one magnetic sample will manipulate the spin current
in another sample well separated from the first. Such
a long distance manipulation originates in the local spin
current dependence on the global coupling properties and
the ability to locally detect the spin system through elec-
trical detection. By demonstrating and explaining such
5long distance manipulation this work opens a new avenue
to spin current generation and manipulation techniques
in the developing field of cavity spintronics.
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